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IV - -CE OF TIIPERED-TIP ROTOR CONFIGURATION 
By John C. Montgomery  and  Frederick  Glaser 
SUMMARY 
r The blades of the tapered-tip 0.4 hub-tip diameter ratio transmic 
rotor  were  reset 7L0 in the  rotor disk and  twisted fram Oo at  the mean- 2 - 
radius  section to '2 at  the  tip  to  Fncrease  the  specific  weight f low 10 
approximately 10 percent  to 36.3 pounds per  second  per  square  foot of 
frontal  area. 
At  design  speed, the reset  rotor  produced  the  design  pressure  ratio 
of 1.38 at a specific w e i g h t  flow of 35.6 pounds  per  second  per  square 
foot at an efficiency  of 0.91. Peak efficiency and maximum pressure 
ratio  at  design  speed  were 0.925 and 1.44, respectively.  Peak  effi- 
ciencies at 60, 80, and 115 percent of deaign  speed  were 0.91, 0.94, and 
0.87, respectively. 
The radial selection of the  blade-element  parameters was good so 
that  high  campressor  efficiency was obtained  but at a weight flow below 
the  design value. 
The  increased  values of minimum-loss incidence  angles obtained at 
the  rotor  hub  section (approximately 4 O  at design  speed)  are  campared 
with  previously  published  curves  relating minimum-loss incidence  to cas- 
cade  rules  and to an empirical  choke-incidence-angle  rule. 
. moDucTI0Iy 
. The advantages of transonic axial-flow comgressor stages are pointed 
out in prevlous publications (e.g., refs, 1 to 3). In each of these 
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references, axial-flow rotors operating in-the-transonic region were de- 
signed and tested i n  order to   fur ther   the  knowledge on the perfarmance- 
of transonic rotore over a range of flow donditions . 
. 
In  some cases, such as i n  references 4 and 5, information on new 
areas of flow conditione were obtained by merely resetting the rotor 
blades o r  modifying an existing design. - - . .  " " " . - . "" L 
In reference 4, the effect of blade lmding at  the rotor-blade tip 
section was investigated by modifying the 0.4 h u b t i p  diameter rat io .  
transonic campressor of reference 3. The ccanpressar was modified by em- 
ploying an insert along the outer-casing w a l l  and tapering the insert in- 
ward across the rotor-blade row; the blades were unchanged except that 
the blade tips were machined down t o  confoim t o  the new outer-casing 
contour. With the modification the axial velocity a t  the rotor outlet  
was increased for a given inlet condition, and therefore the blade load- 
ing or the blade diffusion factor was reduced. The maximum reduction i n  
the blade loading occurred a t  the  rotor   t ip   sect ion because the  effect  
of the inser t  and the outer-wall curvature increased the axial velocity 
the m o s t  a t  that section. A t  design speed the modification of 'the ccm- 
pressor increased the  peak efficiency of the   ro tor   t ip  section frm 0.80 
t o  0.92, approximately doubled the weight-flow range, and decreased the 
maximm weight flow  approximately 3 percent. .. 
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Frm the resul ts  of reference 4 it was determined feasible   to  Fn- 
crease the weight flow of the 0.4 hub-tip aameter ratio transonic rotor 
with the decreased t i p  loading by resetting the rotor-blade angles. The 
blades e the transonic rotor of reference 4 were reset i n  order t o  (1) 
increase t h e  specific w e i g h t  flow appro-tely 10 percent and (2) ob- 
tain additional information on the performance of transonic rotor blades 
(hub section) where t h e   r e h t i v e   o u t l e t  air  i s  turned past the axial 
direction. To date, limited information  (ref 6)  1s available on the 
performance of transollic r o t o r  blades turning the relat ive air past the 
axial  direction. Consequently, the blades used I n  the investigation of 
reference 4 were both reset and twisted t o  handle 6.n increase of weight 
flow of approximately 10 percent. The reset  tapered-tip rotor was run 
over a range of weight flows a t  speeds f rm 60 t o  115 percent of design 
speed. 
Rotor Design and  Modification 
The detail design of the original 0.4 hub-tip diameter ra t io  t ran-  
sonic rotor and the insert employed to   t aper   the   ro tor   t ip  are presented 
i n  references 3 and 4, respectively. Ln brief, the original rotor was 
designed t o  produce a pressure  ratio of 1.35 a€ a corrected specific 
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w e i g h t  flow of 34 . 9 pounds per second per square foot af f ronta l  area. 
The diameter of the  rotor  was 14 inches and the design t i p  speed w&s 
loo0 feet  per  second. The rotor was designed f o r   a x i a l   a i r  inlet and 
f o r  constant energy addition along the radius. For the tapered-tip 
configuration (ref. 41, the rotor  was modified by employing an inse r t  
along the outer-casing w a l l  and tapering  the insert inward across the 
rotor-blade rbw. The blades for the tapered-tip configuration were un- 
. 
II changed except that the tips w e r e  machined down t o  f i t  the new outer- s casing contour. As pointed aut in reference 4, the tapered-tip modifi- 
d cation of the 0.4 hub-tip diameter r a t i o  transonic rotor increased the  
rotor-blade  tip-section  efficiency at desi@ speed fram 0.80 t o  0.92, 
increased the over-all  efficiency from 0.93 t o  0.95, doubled the weight- 
f l o w  range, and decreased the maximum flow capacity approximately 3 per- 
cent. 5 
I+ 
u th In order to  calculate the blade-setting-angle changes required to increase the weight flow t o  36.3 pounds per second per square foot,  an 
analysis of the design-speed performnce data of the 0.4 hub-tip diam- 
eter r a t i o  rotor (refs. 4 and 7) was made. The data showed that the 
section (10 percent of pass- height from the outer wall) to  8O at the 
hub section (10 percent af the passage height frm the inner wall) ,  as 
used t o   r e f e r  to the blade sections 10 percent of the passage height 
from the annulus walls. Lncluded in figure 1 fs the incidence-angle 
variation at  the  near over-all peak-efficiency weight flow of 32.50 
pounds per  second per square foo t   fo r  the tapred-tip rotor configura- 
tion. The tapered-tip rotor blade was well matched and the incidence 
angles w e r e  wtthin 10 of miniMum-loss incidence angle a t  al l  radii f o r  
the peak- eff iciency w e i g h t  flow. 
- minimum-loss incidence angle varied frm Etpproxlmately 4 O  at the t i p  
- shown i n  figure 1. H e r e i n a f t e r ,  the terms t i p  and hub sections will be 
By using the same veloci ty   dis t r ibut ion at the ro tor  M e t  as was 
obtained f o r  the tapered-tip rotor configuration, the 'incidence-angle 
variation for a weight flow of 36.3 pounds per second per square foot  
wa8 calculated and i s  included i n  figure 1. In order to have the rotor 
operate a t  the increased w e i g h t  floii, it was necessary t o  reset the rotor 
blades so that the new incidence angles would match the minimum-loss 
incidence-angle values anticipated f o r  the reset blade a t  the increased 
flow. The design rules of reference 8 indicated that the values of 
minimum-loss incidence angles obtained f o r  the tapered-tip rotor would 
not increase f o r  the reset blade6 at the increased w e i g h t  flow. A t  the 
hub section, however, w h e r e  the blade sett ing angle was t o  be reduced 
from 14.2' t o  8 .lo, the m i ~ - 1 o s s  incidence angle was arbitrarily in- 
anticipation of the poss ib i l i ty  of the  rotor choking a t  that section. 
This arbitrary  increase of the incidence angle was made because the blade 
angles af the reference rotors on which  the design rule of reference 8 
was based. 
. creased frm 8O t o  9.5O (the  blade  setting  angle reduced t o  6 .So) i n  
L setting angle at  the hub section w&s lower than any of the blade setting 
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By using the assumed minimum-loss incidence angle of 9.5' at  the  
hub section and the  minimum-loss incidence angles af reference 4 at  the 
other radii, the required blade-setting-angle changes for the increased 
flow varied from 7.6O at  the hub section to 3.8O at  the tip section, as 
shown i n  f igure 1. The reguired change of the blade setting angle I s  
plotted against percent of passage height i n  figure 2. I n  order to ap- 
proximate the calculated variation In the blade setting angles, it was 
necessary to  reset--the  blades 7.5O in   the   ro tor  disk and t o  untwist the 
blades 4.5O a t  the rotor t i p  while holding the blades fixed along and 
below the midpassage streamline. Because of mechanical U-mitatione, it 
was necessary to relieve the blades a short distance below the m e a n -  
section streamline t o  avoid a sharp bend. For this reasan, the change 
in the blade setting angle Fn the vicinity of the mean-section stream- 
l ine  was indeterminate. The resultant variation in the actual blade 
setting  angles  obtained from reset t ing and untwisting the blades is 
shown by the soUd curve in f igure 2. The variation of the actual blade 
setting angles near the midpassage is shown as a dotted segment because 
of the mechanical l imitations stated. ... ... 
Simple radial equilibrium  calculations ( ik dr = - !) neglecting  the 
effect  of streamline Curvature a t  the  rotor   out le t  were performed t o  de- 
termine the resultant rotor outlet conditions. Values for total-pressure- 
loss coefficients and deviation angles were obtained from references 4 
and 7 a t  the minimum-loss incidence angles. The calculatians were carried 
out for f ive  radial blade-element s ta t ions spaced a t  10, 30, 50, 70, and 
90 percent of the passage height from the outer wall. In  solving the 
simple radial equilibrium equation, the value of the static pressure was 
assumed at  the rotor t i p  and i ts  radial variation was calculated. The 
magnitude of the assumed static  pressure at the r o t o r   t i p  was varied un- 
til continuity through the rotor was satisfied. The sirnple radial equi- 
librium calculations showed that the resultant pressure ratio and rotor 
t i p  diffusion  factor would be approximately 1.38 and 0.19, respectively. 
4 
0 
4 
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With the reset and twisted blade8 installed i n   t h e  canpressor, the 
tip clearance increased from approximately 0.030 inch (clearance of 
tapered-tip configuration, ref. 4)  t o  0.045 inch a t  the rotor-blade lead- 
ing and trailing edges. . . . . .  . . .  .. . -. 
For the tapered-tip reset rotor configuration the annulus area 
downstream of the  rotor  outlet  measuring s ta t ion  was enlarged a t  both 
the inner and outer w a l l s  ( f ig .  3) t o  acccnnodete the increase i n  w e i g h t  
flow. . . . . . . . . . .  - ... " . ." 
- 
Compressor Instal la t ion and Instrumentation 
The compressor ins ta l la t ion  and instrumentation are the same as 
those described i n  reference 4. The axial measuring stations used t o  
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. determine the  rotor performance w e r e  located 1/2 inch upstream  and 1/2 
inch downstream of the r o t o r  leading and trailing edges a t  the hub, re- 
spectively. A t  the r o t o r  inlet, t o t a l  pressure,  static pressure, a d  
air angle were measured at the  f ive major radial s ta t ions located at 
10, 30, 50, 70, and 90 percent of the passage height f r m  the outer 
wall. Sta t i c  pressure was also measured at the outer and Fnner walls. 
Additional measurements of angle and t o t a l  pressure were  m a d e  at 3, 
5, and 7 percent of' the passage height frm both the outer and m e r  
walls. 
Total pressure, total   tenperatwe,  and air angle a t  the rotor out- 
l e t  were measured and recorded cont inua l l y  by an aut-tic  recorder as 
the combination probe was transversed radially across the passage. 
Static pressure was measured at the f ive  major radial s ta t ions (10, 30, 
50, 70, and 90 percent of passage height f r o a n  the outer wall) and at 
both  the  inner and outer walls. 
Ln references 3, 4, and 7 the performance of the 0.4 hub-tip diam- 
e t e r   r a t i o   r o t o r  was plotted against the w e i g h t  flow measured by the in- 
t i p  diameter r a t i o  r o t o r  is plo t ted  against  the integrated weight flow 
measured at  the rotor inlet. Thfs change i n  the reference weight flow 
integrated weight flow. Therefore, the  weight-flow values presented in 
this report f o r  the tapered-tip  rotor  differ somewhat  frm the weight- 
f low values presented in reference 4 f o r  the same rotor. 
- l e t  or i f ice .  In this report, however, the performance of the 0.4 hub- 
d was made because more consistent  results were obtained with the inlet 
Procedure 
Data w e r e  obtained for corrected speeds of 60, 80, 100, and 115 per- 
cent design speed. For each speed the w e i g h t  f low was varied from open 
t h r o t t l e  t o  a value where blade  vibration waa indicated by the magnetic 
plug-type pickup (ref. 4) . 
A t  each weight-flow point, ccrmplete surveys w e r e  made at the rotor  
i n l e t  and ro to r  out le t  axfal measuring stations.  me aver-all  perfom- 
ance of the  rotor i s  presented as the arithmetically averaged rather than 
the mass-averaged values so as t o  be consfatent with the dah presented 
in reference 4. The blade-element performance parameters are presented 
at  f ive  major radial stations. located at 10, 30, 50, 70, and 90 percent 
of the passage height fram the outer wall. 
The symbols used hereFn are Included in  the appendix. 
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The over-all performance of the reset tapered-tip rotor i s  pre- 
sented in   f i gu re  4 together with the mr-all performance of the 
tapered-tip rotor of reference 4. The weight-flow values presented i n  
figure 4 are the Integrated weight-flow values measured.at the rotor in- 
l e t  and, therefore, for the case of the tapered rotor, differ smewhat 
from the values presented in reference 4 as pointed out i n  the section 
Canpressor Instal la t ion and Instrumentation. 
The reset tapered-tip  rotor produced the design pressure ratio of 
1.38 at  a specific weight flow-of 35.6 pounds per -second per equare foot 
a t  an efficiency of 0.91. A s  shown by figure 4, the weight flow was 0.7 
pound less than the design value of 36.3 pounds per second per square 
foot. Although the efficiency a t  the design pressure ratio was good 
(0.91), a peak efficiency of 0.925 was obtained a t  a pressure ratio of 
1.43 and a t  a specific weight flow of 34.0 pounds per second per square 
foot .  A t  design speed the m%&mu.u pressure ratio obtained was 1-44. 
Peak efficiencies a t  60, 80, and 115 percent design speed were 0.91, 
0.94, and 0.87, respectively. 
L 
A t  a l l  speeds the canpressor system choked downstream of the outlet  
measuring s ta t ion and therefore m t e d  the minimum pres-sure r a t i o  ob- 
tainable a t  maximum flow. Although the downstream area limited the f low 
through the compressor, it i s  apparent from the pressure-ratio curyes of 
figure 4 that choking occurred within the rotor at deeign and 115 per- 
cent design speed and that a further  reduction i n  the  outlet  pressure 
would not have substantially  increased  the weight flow even i f  the re- 
s t r i c t i o n   i n   t h e  compressor-outlet system were removed. 
I n  comparison a t h  the tapered-tip rotor configuration, the reset 
rotor  increased  the naaximum pressure ratio and decreased the peak effi-  
ciency a t  all speeds. A t  design speed the reset rotor increased the 
maximum pressure  ratio from 1.40 t o  1.44 and decreased the peak effi- 
ciency from 0.95 t o  0.925. The reset rotor also increased the maximm 
weight-flow capacity at a l l  speeds. A t  design speed the reset  rotor fn- 
creased the maximum weight f low from 33.6 t o  35.7 pounds per second per 
square  foot  frontal are&. . .  .. 
The over-all performance of the  reset   tapered-tip 0.4 hub-tip diam- 
e t e r   r a t io   ro to r  at design speed i s  compared with the over-allperform- 
ance of the  or iginal  rotor before any modifications were made in   f igure 
5 .  The combination af tapering the t i p  and resett ing the blade13 of the 
or iginal  0.4 hub-tip diameter ra t io  rotor  resul ted in  (1) increasing the 
maximum pressure ratio from 1.42 t o  1.44, (2 )  increaeing the maximum 
specific weight flow from 34.1 t o  35.7 pounas per Second per square foot 
of f rontal  area, and (3) approximately doubling the weight-flow range. 
Ae shown by figure 5, the peak efficiency of  the  rotor a t  design speed 
waa unchanged by the ro to r  modifications. -
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Rotor inlet flow parameters. - The radial variation of the i n l e t  
ax ia l  Mach number, the relative W e t  bhch number, and the  re la t ive  in le t  
a i r  angle are presented i n  figure 6 f o r  the near-maximum, near-average, 
and near-minimum weight-flow conditions a t  design speed. Included i n  
figure 6 &re the respective design values of each parameter. The d i s t r i -  
bution of the in l e t   ax i a l  Mach number f o r  the reset tapered-tip  rotor was 
taken the same as the distr ibut ion of the inlet axia l  Mach number of ref- 
erence 4.  The actual  dis t r ibut ion of the M e t  axial Mach number f o r  the 
reset tapered-tip ro to r  (fig. 6)  agreed with that of reference 4, but  the 
magnitude of the Mach number was less because of the lower-than-design 
value of weight f l o w  obtained. The major difference between the design 
and actual -lues of W e t  axial mch number, r e l a t ive   i n l e t  Mach number, 
and the r e l a t i v e  i n l e t  air angle can therefore be at t r ibuted t o  the lower- 
than-design values of w e i g h t  flow obtained. 
Rotor ou t le t  flow parameters. - The radial variations of efficiency, 
relative total-pressure-loss coefficient, dimensionless work coefficient, 
lu te   ou t le t  air angle, and re la t ive   ou t le t  air  angle are presented i n  
figure 7 f o r  the near-maxlnum, near-average, and near-minimum weight-flow 
- total-pressure  ratio,  absolute and re la t ive   ou t le t  Mach numbers, abso- 
- conditions a t  design speed. 
The rotor efficiency, in general, decreased steadily frcan the ro tor  
hub to  the ro tor  t i p .  A t  the near-maximum w e i g h t  flow (35.17) the effi- 
ciency decreased from a peak value of 0.95 approximately 30 percent frm 
the hub t o  0.86 at 10 percent af the passage height frm the outer wall. 
The relative  tatal”pressure-loss  coefficient reached a min-rmm value ap- 
proximately 30 percent of the passage height frcm the inner wall and in- 
creased sharply toward the outer wal. A t  the near-maximum weight flow 
the energy addition  increased from the hub section to  a maximum value at 
the mean passage section and then decreased toward the tip section. How- 
ever, as the w e i g h t  flow was decreased, the energy addi%ion tended to in- 
crease steadily from the hub to  the t i p  section. The total-pressure 
ratio, in general, increased from the  rotor  hub to  the mean radius and 
then decreased Bharply toward the ro tor  t ip .  
A t  the near-maximum weight flow the absolute  outlet Mach number 
varied from anroximately 0.94 a t  the hub sect ion  to  0.78 at the  t i p  sec- 
tion. The re la t ive  out le t  Mach nmnber, i n  general, increased directly 
with radius and a t  the near-maximum w e i g h t  flow increased frcan 0.73 at 
the hub section t o  a mEbldmtrm value aP 0.88 at  the t i p  section. 
- 
For the near-mEudrmun weight flow, the absolute outlet air angle 
varied f r o m  approximately 39O at the hub sec t ion   to  24O at the t i p  sec- 
A t  all w e i g h t  flows the  relative  outlet  air angles w e r e  agproxlmately So 
- tion. The re la t ive   ou t le t  air angle increased xi th  increased radius. 
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past  the  axial  direction  at 10 percent  of  the  passage  height from the 
inner w a l l .  This is  approximately  the  same  degree of turning past the 
axial direction  that was obtained  with  the  transonic  rotor f reference 6. 
The  radial  variation  of  the axial velocity  after  the  rotor  ie pre- 
sented  in  figure 8 for the  near-peak-efficiency  weight flow at design 
speed as a ratio  of  the axial veloci-ty  to  the  mean-radius  &a1  velocity. 
Included  in  figure 8 is  the  axial-velocity  distribution  predfcted by 
simple  radial  equilibrium  equation  with  entropy  gradients  (ref. 9) as 
applied  to  the  measured  outlet  conditions.  The  difference  between  the 
actual  velocity  distribution  and  that  predicted by th  radial  equilibrium 
solution  is small and  can  probably  be  attributed  to  the  effect af stream- 
line  curvature,  which was neglected in the  solution. 
Blade-element  flow  parameters. - The  blade-element  flow  parameters 
(total-pressure-loss  coefficient,  relative  inlet  Mach  number,  efficiency, 
axial-velocity  ratio,  diffusion  factor,  static-pressure-rise  coefficient, 
deviation  angle,  dimensionless work coefficient,  and  total-pressure  ratio) 
are  presented in figure 9 to  supplement  the  published data on transonic 
rotor-blade  performance.  The data are  presented as a function of incf- 
dence  angle for  the  five major radial  stations (10, 30, 50,  70, and 90 
percent of the  pssssge  height from the  outer wall). 
Radial matching  of  blade-element  sections. - The  radial  variation 
of incidence  angle for  the various weight flows at design  speed  is  pre- 
sented in figure 10. Included in figure 10 are  the desigu values of the 
minirmrm-loss  Incidence  angle ana the minimum-loss incidence  angles ob- 
tained  from  the  blade-element data of figure 9 f o r  each  of  the  five 
blade-element  sections. As sham by  figure 10, the  incidence-angle var- 
iation at a wefght flow of 35.17 pounds per isecond  per  square  foot was 
within lo o f  the minimum-loss. incidence  angle  at l l  blade sections. 
The minimum-loss incidence  angles,  however,  varied from hpproxinrately 
0,8O higher than the  design value at the  tip  section to 2.5O higher  than 
the  design  value  at  the  hub  section.  This  increase in the minimum-loa0 
incidence  angle  above  the  design  value  caused  the  weight  flow  to  be lower 
than the  design  value. 
COMPARISON OF BWE-ELEMENT P E E ? " C E  AND DESIGN RULES 
A ccqerison of the  blade-element  performance  and  design  rules of 
reference 8 is  tabulated  in  table I for  the  five  major radial stations 
at design  speed.  The  blade-element  performance  parameters  (incidence 
angle,  deviation  angle,  and  total-pressure-loss  coefficient)  were ob- 
tained from figure 9 for  each  blade-element  section  at  the minimum-loss 
incidence  angle.  The  corresponding  value& of rehtive inlet  Mach  number, 
relative  inlet air angle,  relative  outlet  air'angle,  blade  thickness, and * 
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so l id i ty  were then used i n  conjunction with the design rules of reference 
8 t o  determine the design values of minimum-loss incidence angle, devia- 
tion angle, and total-pressure-loss coefficient. 
" 
F 
N 
0 
d! 
As shown by table I, the minirmrm-loss incidence angle was 0.9O t o  
2.8O greater than the values predicted by the design rule egcept a t  the 
hub section, where the minimum-loss incidence angle was 6.2 greater than 
the value predicted by the design rule. The dedation angle at the 
minimum-loss incidence angle (table I) was 1 . 6 O  t o  3' less than the values 
predicted by the design rule at the 10, 30, 50, and 70 percent passage 
sections. A t  the hub sectdon the deviation angle was 4.50 greater than 
the value predicted by the design rule. The-total-pressure-loss param- 
e te r  is presented In table I as  a, cos &/2a so as t o  be consistent with 
that i n  reference 8. A s  shown by a l e  I, the total-pressure-loss parem- 
eter i s  considerably greater than the values predicted by the design ru le  
over the ccmrplete passage. Although the agreement between the data and 
cidence angles were matched radially (fig.  10) so that high canpressor 
efficiency was obtained but at a weight flow below the design value. 
cu the  design-rule  predictions is  not  considered good, the minimm-loss in- 
1 
ISJ u 
- 
As pointed out previously, the + increase i n  the m-ln-i-loss in- 
cidence angle at the hub section resulting frm reset t ing the blades was 
not anticipated from the design incidence-angle rules of reference 8. 
The design incidence-angle rule of reference 8 was determined frm the 
performance of 17 different transonic rotors one of Hhich was the o r i g i -  
nal 0.4 hub-tip diameter r a t i o  rotor (ref. 7.f. 
lo 
For camparison purposes the incidence-angle rule of reference 8, 
which gives  the  variation of the  difference between the minimum-loss rotor 
incidence angle and the cascade-rule incidence angle with r e l a t i v e  i n l e t  
Mach number, i s  presented i n  figure ll. Included in figure ll are data 
from reference 10. The data pob t s  b figure ILL which represent the orig- 
inal 0.4 hub-tip diameter ratio rotor (before t2p was tapered.) are marked 
and fall on the upper limits of  the data f o r  the rotors investigated. 
The data points f o r  the reset   tapered4ip 0.4 hub-tip diameter ratio 
ro to r  are  included in figure ll and fal l  above the Limits established by 
the other transonic rotors .  It therefore appears that the present rotor 
choked before the other reference ro tors  and increased the minimum-loss 
incidence angle because of its low blade setting angle of 6.6O or  because 
of the nature of its inherent three-dimensional flow. - 
In cases where ro to r s  are designed for blade and passage gemetry 
which deviate frm the geometry of the rotors of reference 8, it appears 
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that a more ccanplete analysis for d e t m m n  blade choking should be em- 
ployed. One such complete analysis on blade choking i s  reference 11, i n  
which the effect  of streamline curvature and contraction i n  the meridian 
plane as well as the ccanplete flow from bhde t o  blade i s  coneidered. 
Although the complete solution of reference ll i s  recommended, it i s  
lengthy and time consuming and may i n  some cases be replaced by the  sim- 
p l i f i ed  empirical blade-choking a n a l y s l s  of reference 12. 
In reference 1 2  the difference between the minimum-loss incfdence 
angle and an empirical choking incidence angle is presented ae a function 
of re la t ive  i n l e t  Mach number for double-circular-arc blades. The em- 
pirical incidence angle used i n  reference 1 2  i s  the incidence angle a t  
which the  upstream stream-tube area is equal t o  the blade throat area. 
The correlation obtained for the rotor hub section i n  reference 1 2  i s  
presented i n  figure 1 2  together with additional d a t a  of reference 6. In- 
cluded i n  figure 1 2  are the data points of' the original. 0.4 hub-tip diam- 
eter ratio rotor (before t i p  was tapered) and the data points of the re- 
set tapered-tip 0.4 hub-tip diameter ra t io  rotor .  The data points for  
both of the 0.4 hub-tip diameter ra t io   ro tore  f a l l  within $he variation 
of the other transonic rotors. Figure 1 2  also includes the data of ref- 
erence 6, i n  which the design relative out le t  air  was a lso  turned apprm- 
Frnately 5 O  past the axial direction but with a samewhat greater value of 
re la t ive  in le t  Mach number. It therefore appears that the mi~xLmum-loss 
incidence-angle Ehnalysis of reference 12 is applicable over a wide range 
of rotor geometry configurations including the case of low blade-setting 
angles where the re la t ive  out le t  air i s  turned up t o  5' past the axial 
direction. 
In l i ne  with the throat-area choking analysis of reference 12, the 
experimental throat area for the 0.4 hub-tip diameter ra t io   rotor   before  
resett ing the blades Was calculated. EQuation (1) of reference 1 2  was 
rearranged t o  give: 
By using the experimental data of reference 4 for the choke point 
a t  design speed, all terms Fn equation (1) were lmown except the r a t i o  
of the throat area per unit spEtcing (throat height is nornmallzed through 
division by blade spacing). Therefore from the experimental da- 
(ich = 6.60, Mi = 0.65, and pb I 32.81 an effective throat area d/8 
of 0.681 was calculated for the 0.4 hub-tip diameter ratio tapered-tip 
rotor  at  design speed. A t  105 and U5 percent design speed, the ef'fec- 
tive throat areas were calculated to be 0.684 and 0.695, respectively. 
Therefore, it appears that rotor choking a t  design, a t  105 percent de- 
sign, and a t  U.5 percent design speed occurred at approximately the 
same effective  throat area. 
. " 
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In reset t ing the blades of the 0.4 hub-tip diameter-ratio tapered- .. t i p  rotor ,  &11 enlarged conical-plane layout of the blade sections a t  the 
hub (10 percent fram the inner w a l l )  showed that the two-dimensianal 
throat area increased 6.5 percent. It was then assumed that at  design 
speed experfmental throat areas of the reset  blades would also  increase 
6.5 percent. Fram equation (1) ~Lth the new value of d/s = 1.065 X 0.681 
known, the choking incidence angle and i n l e t  Mach nwnber f o r  the  reset  
blade were calculated to be 10.3O and 0.67, respectively. Since the 
actual  c h o w  fncidence angle f o r  the reset blade at the hub was 10.8O 
at  a Mach nmber of 0.69, it appears that the   r a t io  of the  actual and 
effective areas  was the same f o r  both rotor configurations. In  applying 
the same analysis for the US-percent-design-speed case f o r  t h e  rese t  
blade, the calculated choking incidence angle and Mach nmber were found 
t o  be 13 .a0 and 0.74, respectively, as compared with  the  actual choking 
incidence angle of 13.5O and Mach nunib- of 0 -75. 
M 
0 
cd This later experimental  choking-incidence-angle analysis only served 
P to   indicate  that, when rotor geometry varies appreciably from the  rotor 
1 geometry on which minimm-loss empirical Fncidence-angle rules are based, 
u- choking  incidence  angle  should be investigated t o  ensure that the se- 
cu 
N 
lected minimum-loss incidence angle i s  greater than the.choking incidence 
angle f o r  the given rotor canfiguration. - 
The blades of the tapered-tip 0.4 hub-tip diameter r a t io   ro to r  w e r e  
reset i’Lo in the  rotor disk and twisted linearly frm Oo at the mean- 
radius section t o  42 at the  t ip  sec t ion  to  increase  the specific weight 
flow approximately 10 percent t o  36.3 pounds per second per square foot 
of frontal area, fche performance of the reset rotor  was analyzed and 
the following results w e r e  obtained: 
2 
lo 
1. A t  design speed the reset  tapered-tip  rotor produced the design 
pressure r a t i o  of 1.38 at a specific weight f low a t  35.6 pounds per 
second per square foot at  an efficiency of 0.91, A peak efficiency of 
0.925 was obtained at  a specif ic  w e i g h t  f l o w  of 34.0 pounds per second 
per square foot. A nraxFmum pressure ratio of 1.44 and a maximum w e i g h t  
flow of 35.7 pounds per second per square foot were obtained. Peak ef- 
f ic iencies  at 60, 80, and U5 percent design speed were 0.91, 0.94, and 
0.87, respectively. 
- 2. In canparison with the  tapered-tip  rotor,  the r set  tapered-tip 
- rotor also increased  the maximum specific weight  flow fman 33.6 t o  35.7 
rotor a t  desiga speed increased  the maxhum pressure ratio from 1.40 t o  
1.44 and decreased the peak efficiency from 0.95 to 0.925. The reset 
pounds per second per square  foot of f ron ta l  area. 
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' 3. The radial selection of  the blade-element parameters was suffi- 
ciently good 60 that high compressor  efficiency was obtained b u t  at a 
weight flow below the design value. 
4. A t  the rotor hub section where the relat ive  out le t  air was turned 
5' past the axial direction, the design-speed minimum-loss incidence 
angle was on the upper lFmit of the values predicted by one of t he  pre- 
viously published design rules and over the  limits of another. The 
anslysis pointed out that, when a rotor  geometry deviates from the ro to r  
gemetry used to  derive an empirical minimum-loss incidence-angle rule, 
an independent analysis should be made t o  determine that the selected 
minimum-loss incidence angle i s  greater than the choking incidence angle 
fo r  the given  rotor.configuration. . . .. . - " 
. 
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a, 
C 
D 
d 
H 
i 
r a t i o  of c r i t i c a l  area (sonic flow) to   ac tua l  flow area a t  
any point of f low 
cmpressor  frontal  area,, sq f t 
blade chord, in .  
diffusion factor 
distance between blades a t  rotor throat, in .  
t o t a l  enthalpy, f t- lb/lb 
angle of incidence, angle between tangent t o  blade m e a n  camber 
l i n e  at leading edge and inlet-air direction, deg 
Mach number 
total pressure, lb/sq f% 
s t a t i c  pressure, lb/aq f t  
radius, in.  
blade spacing, in .  
total temperature, OR 
blade thickness, in.  
blade speed, f t / s ec  
velocity of air, f t / sec  
integrated weight flow a t  ro to r  inlet, lb/sec 
angle between velocity vector and rotor  axis,  deg 
blade inlet angle, angle between tangent t o  blade mean caniber 
l i n e  and rotor  ax is  at blade leading edge, deg 
blade  setting angle, angle between blade chord and rotor  axis, 
deg 
r a t i o  of i n l e t   t o t a l  gressure to standard NACA sea-level pres- 
s we, P/2Jl6.2 
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80 deviationangle,  angle between tangent t o  m e a n  camber line at 
blade t r a i l i ng  edge and a x i s  direction, deg 
11 adiabatic  efficiency 
e r a t i o  of i n l e t   t o t a l  temperature to standard  NACA sea-level 
P s t a t i c  a i r  density,  slugs/cu f t  
temperature, T/518.6 
. 
a so l id i ty   r a t io ,   r a t io  of blade chord to blade spacing 
P blade camber angle, deg 
tu total-pressure-loss  coefficient 
Subscripts : 
ch choke 
d design  rul
m mean radius 
min minimum 1068 
t ro to r   t i p  
z axial direction 
e tangential  direction 
1 ro tor  i n l e t  
2 rotor out le t  
2-D two-dimensional 
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rotor  at weight flow of 32.5 
1b/(sec)(sq ft) - - - Incidence-angle variation required 
. f o r  r e f .  4 r o t o r . a t  weight flow of 
Amount of  angle reset predicted for 
36.3 Ib/(seC)(sq ft) 
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Figure 1. - Incidence-angle variation for tapered-tig 0.4 hub- 
t i p  diameter ratio rotor of reference 4 at design speed. 
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Figure 2. - Calculated and actual change of blade setting angle 
required for  increasing w e i g h t  f l ow approximately 10 percent 
(36.3 lb/(sec)(sq ft)) at design speed. 
N 
0 
. .. 
L L 
. .  - . . . . . .  . . 
I 
. . . . . . . . . . . . . . . . " . . I . . . .  4 2 q  . . .  - I P 
Figure 4. - her-all  performanoe or 0.4 hub-tip diameter ratio tapered-tip rotor b a i r n  and aftw 
renetting blades. 
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Corrected weight flow, Wl&/S+, lb/(sec) (sq ft) 
Figure 5. - Comparison of over-dl performance of 
reset tapered-tip rotor with original 0.4 hub-tip 
diameter r a t i o  rotor at design speed. 
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Outlet radius, r2, in. 
Plgure 7 .  - Radial variat ion of rotor cutlet fluw parameters at design apeed. 
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Outlet radlua, r2, In. 
F i g u r e  7. - Cmcluded. Radial variation of rotor outlet flar parametera at design a p e d .  
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o 3hprimenta.l "- Simple radial equilibrium 
with entropy gradient 
(ref. 9) 
Figure 8. - Radial equilibrium comparison rotor 
outlet   axial   veloci ty  for near over-all peak- 
efficiency weight flow at deeign speed. 
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Figure 9. - C o n t i n u e d .  Beset tapered-tip mtor~bladbelmmrt data. 
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Figure 10. - Incidence-angle variation for reset tapered-tip 
rotor at design speed. 
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Relative inlet Mach number, M; 
Figure 51. - Variation of minimum-loss incidence angle minus 
cascade-rule incidence angle with relative  inlet Mach number. 
33 
Relative inlet  Mach number, M; 
Figure 12. - Variation of minimum-loss incidence eagle minus choking incidence 
angle (at Ki  = 1.0) with relative inlet Mach nuniber. 
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